It is shown that an attenuated total reflection structure containing a graphene layer can operate as a tunable polarizer of the electromagnetic radiation. The polarization angle is controlled by adjusting the voltage applied to graphene via external gate. The mechanism is based on the resonant coupling of p−polarized electromagnetic waves to the surface plasmon-polaritons in graphene. The presented calculations show that, at resonance, the reflected wave is almost 100% s−polarized.
Surface plasmon-polaritons (SPPs) are excitations of electromagnetic (EM) radiation coupled to surface charges existing at a metal-dielectric interface. [1, 2] Under certain conditions, they can interact with external EM waves giving rise to a number of optical effects ranging from resonant absorption and enhanced non-linearities to surface-enhanced Raman scattering. [3] The potential applications of SPPs in detection, signal processing and information transfer originated the appearance of a new and rapidly growing research area called plasmonics. [3, 4] Graphene, a monolayer thick metal is attracting much attention in different areas [5] [6] [7] due to its unique and unusual physical properties. For plasmonics, the interest in graphene stems from the possibility of controlling the charge carrier density through electrostatic "doping" using an external gate voltage. [8, 9] As a consequence, the spectrum of SPPs in graphene is tunable as it is determined by the optical conductivity that depends on the free carrier concentration. [10] This idea is supported by the observation of tunable plasmon absorption bands in graphene ribbons [11] and the demonstration of a terahertz (THz) source, [12] and opens the possibility of creation of graphene-based metamaterials and new optoelectronic devices, such as a THz detector, [11] a broad band modulator [13] and an optical switch. [14] Increasing the electron density by charge doping [15] can make these devices work also in the infrared domain.
The EM response of graphene is characterized by its optical conductivity that can be written as σ(ω) = σ + iσ , where σ and σ are real functions of frequency, ω. A unique property of doped graphene is that the imaginary part of the conductivity, σ , can be either positive or negative depending on the frequency and the electron chemical potential, µ. It is determined by both intraband scattering (Drude term) and interband transitions, and reaches a (negative value) minimum at ω ≈ 2µ. [10] As a consequence, in contrast with usual metals, graphene can support either transverse magnetic (TM) or transverse electric (TE) surface waves, depending on whether σ is positive or negative. [16] The existence of TE-type (or s−polarized) SPPs is unique to graphene and has been demonstrated experimentally. [17] Let us note at this point that their dispersion relation is quite different from that of "conventional" TM-type (or p−polarized) SPPs, as it will be further discussed below.
Conventional polarizers use one of the following operation principles: (i) polarization-dependent absorption in anisotropic media, (ii) refraction by a prism, and (iii) polarization by reflection at Brewster angle. [18] Recently, the idea of filtering of one of the polarizations using a graphene-based device has been proposed and it allowed for demonstration of a polarizer that can operate in the infrared range. [17] The device consisted of an optical fiber some part of which was side-polished and cladded with a graphene sheet. Due to the higher attenuation of the p−component of the EM field (if the radiation is in resonance with TE plasmon-polaritons), a rather high degree of the TM component filtering could be achieved, given the graphene-cladded segment of the fi- bre is long enough (though, the TE component is attenuated, too). We propose another possible operation principle for a graphene based polarizer, making use of the resonant coupling of the external EM radiation to SPPs in an attenuated total reflection (ATR) structure considered in our previous work [14] and schematically shown in Fig. 1 .
In this letter we demonstrate the possibility of rotating the plane of polarization of incoming light by its reflection in an ATR graphene-based structure. The rotation angle can be controlled by varying the external gate voltage applied to graphene. In other words, we will show that such a graphenebased ATR structure can operate as a tunable polarizer of the EM radiation. At the resonant frequency depending on the gate voltage, the p−component of the incident wave is almost 100% filtered out.
Let us consider the ATR scheme for coupling SPPs to an external EM wave using so called Otto configuration [2] (see Fig. 1 ). In this configuration, a linearly polarized EM wave with frequency ω impinges on the interface between the prism, with a dielectric constant ε 3 , and a graphene layer sandwiched between a substrate (with a dielectric constant ε 1 ) and a capping layer (with a dielectric constant ε 2 ). We assume that all these dielectric constants are real. If the angle of incidence Θ is larger than the critical angle of total internal reflection Θ c [determined by the relation sin Θ c = max(ε 1 , ε 2 )/ε 3 ], then the EM wave in the gap between the prism and graphene will be evanescent in the z direction. The same is true for the field in the substrate (z > 0).
Two situations, qualitatively different in terms of coupling of the external EM wave to SPPs in graphene, are possible: (i) if the x-component of the incident wave vector, k x = (ω/c) √ ε 3 sin Θ, does not match k SP P (ω), the SPP wave vector in graphene, there is virtually no interaction between them and the incident wave is almost totally reflected at the prismcapping layer interface (the reflectivity is close to unity); (ii) if k x k SP P (ω), the incident EM wave and the polariton mode are in resonance and the impinging energy is transferred to the excitated SPPs in graphene resulting in a drastic decrease of the reflectivity. The operation mechanism of the polarizer is now easy to understand. Assuming that the frequency of the impinging radiation lies in the spectral region where σ > 0, p−polarized SPPs can be induced in graphene. A linear polarized wave with an arbitrary polarization orientation can be represented as a sum of TE and TM waves without phase shift. If the wave is in resonance with SPP, the p−polarized component of the reflected wave is strongly attenuated whereas the s−polarized one has almost the same amplitude as in the incident wave. This leads to a rotation of the polarization plane of the reflected EM wave with respect to that of the impinging radiation.
In order to describe the proposed mechanism quantitatively, we solve Maxwell's equations,
, separately for each of three media (m = 1, 2, 3). Since the system is uniform in the y direction, we can decompose the electromagnetic fields
into two components and consider the s and p−polarized waves separately. For the latter, the magnetic field vector is perpendicular to the plane of incidence (xz) and we have
}. For the s−polarized wave, the magnetic field vector lies in the plane of incidence,
y , 0}. The amplitudes of p and s−polarized parts of the incident wave are H
angle between the plane of incidence and the direction of the magnetic field, and the phase is the same for both waves.
In the semi-infinite medium m = 3 (representing the prism and occupying the half-space z < −d) the solution of Maxwell's equations reads:
for the s−polarized wave, and
x (x, z) = exp(ik x x)
for the p−polarized one. We have defined k z = κ √ ε 3 cos Θ as the z-component of the wave vector, κ = ω/c. Note that two limiting cases, ϕ = 0 and ϕ = π/2, correspond to purely s and p−polarized incident waves, respectively. In this cases, the reflected wave is linear polarized. For an arbitrary ϕ the (complex) amplitudes of the p and s−polarized reflected waves, H r , do not have the same phase. In general, this phase difference gives rise to an elliptic polarization of the reflected wave.
In the dielectric film between the prism and graphene (−d < z < 0, medium m = 2), and in the substrate below graphene (z > 0, medium m = 1) the solution of Maxwell's equations is:
for the s−polarized wave, and The boundary conditions at z = −d and z = 0 are different. At the prism-dielectric interface, z = −d, they imply the continuity of the tangential components of the electric and magnetic fields, E
At the interface z = 0 the condition is different due to the presence of the conductive graphene layer. In this case, we have the continuity of the tangential components of the electric field, E (1)
x,y (x, 0), whereas the tangential component of the magnetic field is discontinuous, that is, we have H 
x (x, 0) = (4π/c)j y = (4π/c)σ(ω)E y (x, 0). Matching these boundary conditions, we obtain explicit expressions for the amplitudes of the reflected fields,
for the s−polarized component, and
for the p−polarized one, where we have defined
and the bars over η 1 and χ 1/2 denote complex conjugates. Let us analyze the properties of Eqs. (9)- (10) . We note that in the limit of an infinitely thick layer separating the prism and • , ω = 3.044 meV (e, f). Other parameters of the ATR structure are the same as in Fig. 1. The insets in (d, f) show zoom into the region near the minimum of ρ.
graphene, d → ∞, the denominator of Eq. (9) is equal to zero if
while for Eq. (10) the same condition yields,
Substitution of k SP P = κ √ ε 3 sin Θ into Eqs. (11) and (12) transforms them into the dispersion relations, ω(k SP P ), for TE [Eq. (11)], and TM [Eq. (12) ] surface waves in graphene cladded by two semi-infinite media with dielectric constants ε 1 and ε 2 . Despite some algebraic similarity between these relations, the p and s− polarized SPPs possess quite different properties. As mentioned above, Eq. (12) has solution, i.e. p−polarized SPPs exist if σ > 0, whereas solution of Eq. (11) (s−polarized surface wave) exists in the opposite case. Taking into account the form of the optical conductivity of graphene [8, 10] , we conclude that the two types of waves exist in different spectral ranges, namely, p−polarized SPPs are present at low frequencies ( ω < 2µ), while s−polarized waves exist at frequencies in the vicinity of ω ∼ 2µ, where the chemical potential depends on the gate voltage, µ ∼ √ V . Since the working principle of the polarizer is based on the excitation of TM SPPs, in Figs. 1(b-d) we present the p−polarized reflectance spectra in detail. As discussed above, resonant excitation of SPPs for a frequency ω is manifested by the appearance of a reflectivity minimum [ Figs. 1(b,c) ] at a certain angle Θ. Excitation of SPPs in graphene is characterized by two interesting properties. First, the position of the resonant reflectivity minimum can be tuned by changing the gate voltage applied to the graphene layer, as it follows from the comparison of Figs. 1(b) and 1(c) . Secondly, if the incident wave is purely p−polarized (ϕ = 90
• ), and for any given value of the gate voltage, it is possible to find a pair of parameters, (Θ 0 , ω 0 ), for which the reflectivity of the ATR structure is zero. In Figs. 1(b,c) these pairs are depicted by white circles. Below, the pair (Θ 0 , ω 0 ) for a given V is referred to as zero-point. In other words, at the zero-point the whole energy of the incident wave is transformed into energy of excited SPPs. In Figs How should the tunable polarizer work? If the parameters V , Θ, and ω are chosen is such a way that Θ = Θ 0 and ω = ω 0 for the given V , and the incident wave is not purely p−polarized, (ϕ = 90
• ), then its p−polarized part is completely absorbed, while the s−polarized part is almost totally reflected, giving rise to the total reflectivity R ≈ cos 2 ϕ [see Fig. 2(a) ]. In this case we have pure s−polarization of the reflected EM radiation with a single passage through the device.
Keeping unchanged Θ and ω, and slightly detuning V from its initial value deviates the system from the condition necessary for the full absorption of the p−polarized component. The reflected wave then should contain the fully reflected s−polarized component as well as a small p−polarized part. Therefore, the total reflectivity R increases [ Fig. 2(a) ] and, in general, the reflected light will be elliptically polarized [an example is shown in Fig. 2(b) ]. Further detuning of the gate voltage will result in a further increase of the total reflectivity and the corresponding decrease of the polarization ratio.
In what follows we want to characterize the reflected wave in more detail, namely, to investigate the shape and orientation of the vibrational ellipse characterized by the orientation angle ψ and the ellipticity ρ = b/a [19] [see Fig. 2 • and has a maximum at a certain V for ϕ ≤ 45
• . When the gate voltage V is detuned from the zero-point, the reflected wave ellipticity ρ becomes non-zero. However, as it follows from the insets of Figs. 2(d) and 2(f), in the vicinity of the zero point there is another value of V , V ≈ 9 V in Fig. 2(d) and V ≈ 49.3 V in Fig. 2(f) , at which the reflected wave is linearly polarized (ρ = 0). Although this point bears some similarity with the zero-point, the reason for ρ = 0 is different. Here the linear polarization of the reflected wave stems from the phase shift (equal to π) between the s and p−components, while at the zero-point it is due to the full absorption of its p−component. We also notice that a steeper variation of ψ with V , close to the zero point, occurs for larger values of ϕ. The same happens for the ellipticity ρ. For ϕ 90
• , ρ is close to zero (linear polarization). Therefore, for these angles of polarization of the incident wave. the reflected radiation presents a large ψ and a small ellipticity for V slightly detuned from the zero point.
To conclude, we have demonstrated that an ATR structure containing a single graphene layer can work as a tunable polarizer of the EM radiation in the THz frequency domain, in a broad range of gate voltages. Although we have considered the case where the incident light is linearly polarized, it is possible to generalize our results to the cases of e.g. circular polarized incident electromagnetic radiation. Also, we would like to point out the possibility of using the same principle for filtering out s−polarized component of the incident wave. It would allow to extend the operation frequency range to the infrared domain. However, our calculations show that, in general, the resonance with TE polaritons in graphene is weaker than with p−polarized SPPs.
